ONE OF THE MOST significant advances in clinical cardiology during the decade of the 1960's was the appreciation of the importance of the left ventricular papillary muscles to closure of the mitral orifice during ventricular systole. It is now a well-recognized fact that hypoxia, necrosis, or fibrosis of the left ventricular papillary muscles may be From the Section of Pathology and the Cardiology Branch, National Heart and Lung Institute, National Institutes of Health, Bethesda, Maryland. associated with varying degrees of mitral regurgitation. Although coronary atherosclerosis is the most common cause of papillary muscle disease, scarred or necrotic papillary muscles have been observed in a number of conditions in which the coronary arteries were normal. Despite our increased awareness of disorders of the papillary muscles, a number of discrepancies have appeared which indicate that our knowledge about these structures is incomplete. For example, a number of patients without precordial murmurs during life have been observed at necropsy to have severe necrosis or fibrosis or both of one or both left ventricular papillary muscles; severe mitralLV PAPILLARY MUSCLES associated with normal papillary muscles, normal mitral leaflets and chordae tendineae, and normal-sized mitral annulae. This report attempts to clarify some of these discrepancies by reviewing some necropsy observations on the cardiac papillary muscles and correlating them with clinical findings.
Normal Left Ventricular Papillary Muscles
Each of the two left ventricular papillary muscles receives chordae tendineae from each mitral valve leaflet ( fig. 1 ). Thus, damage to either papillary muscle may affect both leaflets. Each papillary muscle may be viewed as consisting of a major trunk from which an average of six heads or fingers project ( fig. 2 ). Each papillary muscle has an average of 12 chordae tendineae per head. Each primary or first-order chorda tendinea divides into an average of two secondary or second-order chordae tendineae. Each second-order chorda divides into two or three tertiary or thirdorder chordae tendineae which attach to the mitral leaflet. Thus, for each primary chorda an average of five tertiary chordae result, and each head of a papillary muscle anchors two first-order and 10 third-order chordae. Consequently, each papillary muscle supports an average of 62 chordae actually attached to mitral leaflets, or both papillary muscles support about 124 third-order chordae or 24 first-order chordae. There is considerable variation, however, in the number of chordae tendineae attached to either papillary muscle or to either mitral leaflet.
Generally in a normal heart the thickness of either papillary muscle is about the same as is that of the left ventricular free wall or ventricular septum. The anterolateral (A-L) papillary muscle normally is slightly larger than the posteromedial (P-M) one. Just as the 4Q Figure 1 Normal left ventricular papillary muscles. The posteromedial (P-M) papillary muscle, its P-M and A-L papillary muscles can differ from each other in the same heart, considerable morphologic variation is observed in comparing either or both muscles from one heart with those of another. The A-L papillary muscle usually (75%) consists of a single major muscle group, whereas the P-M papillary muscle often (65%) consists of two or three major muscle groups.' The basal to apex lengths of the papillary muscles also vary considerably. In The A-L papillary muscle appears to have a richer blood supply than does the P-M one. 2' 3 Myocardial infarction involving the posterior left ventricular wall usually results in necrosis of the P-M papillary muscle, whereas anteriorwall infarction may spare the A-L papillary muscle.4 The A-L papillary muscle is supplied by branches from both left anterior descending and left circumflex coronary arteries. 2' 3 The major supply of the P-M papillary muscle is dependent on which coronary artery is dominant. When the right coronary is dominant, and this is the situation in 90% of human hearts, its major supplier is the right coronary artery, and when the left one is dominant the major supplier is the left circumflex. The left circumflex contributes some blood, however, to the P-M papillary muscle no matter which coronary is dominant. Although it may accompany left ventricular dilatation, mitral annular dilatation is probably a rare cause of mitral regurgitation, and most patients in the past with mitral regurgitation believed to be the result of mitral annular dilatation probably had papillary muscle dysfunction instead. Mitral annular dilatation to the degree capable of causing mitral regurgitation probably does not occur because the surface area of the mitral leaflets is about two times the area of the mitral orifice,"1 and the annulus contracts during ventricular systole.'2 Indeed, the mitral ring has a sphincterlike action since the mitral orifice is smaller during systole than during diastole.12 In patients with dilated left ventricles, the widest diameter occurs not at the left ventricular base, the area which includes the mitral annulus, but in the midportion of the chamber between apex and base. Indeed, the base of the left ventricle is prevented from dilating freely because the "fibrous skeleton" is attached to it whereas the midportion of the left ventricle is not thus inhibited. Severe left ventricular dilatation may occur without any dilatation of the mitral annulus.
Although it is now well appreciated that mitral regurgitation may occur in patients with dilated left ventricles from Figure 3 Mitral regurgitation from scarring of the left ventricular free walls but not of the papillary muscles. The heart shows severe scarring of the left ventricular wall from the base of the papillary muscles to the cardiac apex, but the posteromedial (P-M) and anterolateral (A-L) muscles are spared from significant scarring. This 72-year-old man (A68-83) had an acute myocardial infarct at age 60 years. He was well thereafter until age 69 (3 years before death) when mild congestive cardiac failure appeared, but no precordial murmur was heard. On examination 9 months before death a grade lIVI pans ystolic apical murmur was heard.
Five months later severe congestive heart failure appeared, and cardiac catheterization was performed. The left atrial v waves ranged from 60 to 75 mm Hg and left ventricular cineangiocardiogram disclosed 3+/4+ mitral regurgitation. Despite this angiographic documentation of mitral regurgitation the precordial murmur was never louder than grade IIVI intensity and located in early and midsystole only. Cardiotomy was performed 3 months before death. The anterior mitral leaflet was found to herniate into the left atrium during ventricular systole but the mitral leaflets and chordae appeared normal. The mitral valve was plicated but congestive cardiac failure, which ultimately was fatal, persisted postoperatively. The most common cause of papillary muscle necrosis or fibrosis is narrowing of the coronary arterial lumen by atherosclerosis.4 22, 23 The P-M papillary muscle is usually involved in acute posterior myocardial infarction. In anterior-wall infarction, however, the A-L papillary muscle may be spared, presumably because its blood supply is better than that of the P-M muscle. Since infarction limited to the ventricular septum or to the lateral portion of the left ventricular free wall Circulation, Volume XLVI, July 1972 (i.e. the portions of the left ventricular wall unassociated with papillary muscles) is rare, the papillary muscles are usually involved when myocardial infarction occurs. It, therefore, is surprising that papillary muscle dysfunction is not more frequently observed during or after acute myocardial infarction.
Necrosis or fibrosis of one or both left ventricular papillary muscles is frequent in a number of conditions unassociated with luminal narrowing of the extramural coronary arteries. Inadequate oxygenation of the papillary muscles may occur if the amount of oxygen in the blood is low (i.e., anemia) or if the cardiac output for any reason is inadequate. It is well to keep in mind that the left ventricular papillary muscles are the last portions of the heart to be perfused with coronary arterial blood. To perfuse the apices of the papillary muscles the coronary artery must extend through the entire thickness of the myocardial free wall, turn up hill, and ascend a distance of at least one and often two thicknesses of the free wall. Consequently, it is of little wonder that these structures often show evidences of inadequate oxygenation. Furthermore, the papillary muscles serve as the most sensitive markers of inadequate myocardial oxygenation. Since the P-M papillary muscle is less well perfused than the A-L one, if only one shows foci of necrosis or fibrosis it will nearly always be the P-M muscle. We have observed foci of necrosis in these papillary muscles in patients with anemia from a variety of causes, particularly chronic anemias like sickle-cell disease ( fig. 5 ).
In patients with left ventricular outflow obstruction, lesions are often observed in the papillary muscles. 24-28 Valvular aortic stenosis, whether in infants 24, 23 or in adults, 2628 when superimposed on a congenitally malformed valve, either unicuspid or bicuspid, is nearly always associated with fibrosis and atrophy of at least the P-M papillary muscle. Rheumatic valvular aortic stenosis combined with organic mitral stenosis or regurgitation, however, infrequently is associated with papillary muscle fibrosis or Figure 5 The heart in a 14-year-old girl (A69-13) with sickle-cell disease diagnosed by hemoglobin electrophoresis when she was 4 years old. She had multiple sickle-cell crises and at age 12 years developed congestive cardiac failure. During her last 6 months she had nightly paroxysmal dyspnea and multiple episodes of exertional syncope. She had a grade II/VI systolic murmur over the pulmonic area. Electrocardiogram showed right-axis deviation, right ventricular hypertrophy, and P-pulmonale. The pulmonary arterial pressure was 47/13 mm Hg, and the cardiac output was 6.5 liters/min. significant narrowing of the extramural coronary arteries.9 Most patients had pure aortic regurgitation, but some had pure mitral regurgitation secondary to the active infective endocarditis. Severely diminished cardiac output with resultant poor myocardial perfusion was believed to be the cause of the papillary muscle necrosis in them.
Small fibrous scars in the papillary muscles are common in patients with systemic hypertension but atrophy of these structures in this condition, unless coronary heart disease also is present, is infrequent. When left ventricular hypertrophy occurs from any cause, the hypertrophy of the papillary muscles probably should be proportional to that of the left ventricular free wall or ventricular septum. This proportional hypertrophy usually exists in cases of systemic hypertension, but infrequently in patients with left ventricular outflow obstruction.
Fibrosis with atrophy of the papillary In contrast to necrosis of a papillary muscle which occurs in over 50% of patients with fatal acute myocardial infarction,4 rupture of a papillary muscle is rare, occurring in < 1% of patients with fatal acute myocardial infarction. The rupture may be of two types ( fig.  7) . One involves the entire central muscle belly of the papillary muscle and this type rupture is incompatible with survival since half the support to each valve leaflet is destroyed and mitral regurgitation of overwhelming severity results. The second type of rupture involves only one or two apical heads of a papillary muscle. The resulting mitral regurgitation is of lesser magnitude, and immediate survival is then dependent upon the degree to which the function of the left ventricle has been impaired by the infarct. In patients who survive after papillary muscle rupture, the functional capacity of the left ventricle also will govern the extent of clinical and hemodynamic improvement after mitral valve replacement. 40 Although the entire papillary muscle is usually necrotic, the mitral regurgitation resulting from rupture of an entire trunk of a papillary muscle may justifiably be attributed entirely to the rupture. In contrast, the mitral regurgitation following rupture of only one head of a left ventricular papillary muscle cannot necessarily be attributed entirely to the rupture since the remainder of the papillary muscle is nearly always also necrotic. What percentage of the regurgitant volume is due to the rupture of a single head and what percentage to the associated papillary muscle necrosis is uncertain. Rupture of a single Morrow.) primary chorda tendinea in the dog, however, produces immediate severe mitral regurgitation;41 consequently, rupture of a head, which is equivalent to rupturing two primary chordae tendineae, must in itself be severe. Ruptured papillary muscle heads in four patients are illustrated in figure 8. Each patient was described in detail elsewhere. 40 Although coronary arterial luminal narrowing by atherosclerosis accounts for most cases of ruptured papillary muscle, trauma may cause either partial or complete rupture of these structures. Blunt trauma, however, when severe enough to cause papillary muscle rupture, is also usually severe enough to rupture the left ventricular free wall. Brock42 described total rupture of a papillary muscle during mitral commissurotomy, and death ensued in two days. condition the papillary muscles also arise high on the left ventricular wall.48 Contrasted to the normal heart wherein the papillary muscles arise at the junction of the middle and lower thirds of the left ventricle, in this condition they arise from the upper third of the ventricular wall. Minor functionally insignificant abnormalities of the papillary muscles may occur. A not uncommon one consists of insertion of one papillary muscle directly into one or both mitral leaflets. In acquired rheumatic mitral stenosis, fusion and shortening of the -chordae tendineae may be so extensive that it appears that both papillary muscles insert directly into the mitral leaflets. This structure appears to be susceptible to all the afflictions which affect the left ventricular papillary muscles. This structure in length is usually equivalent to several thicknesses of right ventricular wall, and blood also is required to course "up hill" to perfuse this papillary muscle. This muscle is also most frequently made necrotic or fibrotic by myocardial infarction from coronary arterial atherosclerosis. Its involvement usually indicates "massive" anterior-wall myocardial infarction. Whether or not tricuspid regurgitation is a consequence of necrosis or fibrosis or of infiltrative disease of the right ventricular papillary muscle is uncertain. Necrosis of the distal portion of this papillary muscle is common in coronary heart disease, acute valvular dysfunction as in infective endocarditis, and in chronic anemias ( fig. 5 ).
